Negative effects of divalent mineral cations on the bioaccessibility of carotenoids from plant food matrices and related physical properties of gastro-intestinal fluids.
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INTRODUCTION
was drained and the leaves were pat dry; iii) spinach was homogenized stepwise in a Grindomix 126 GM 200 (Retsch, Aartselaar, Belgium) at 3, 4 and 5 x 1000 rpm (5 seconds each); iv) the 127 homogenized spinach was weighted and aliquoted into polypropylene sample containers, 128 flushed with argon and stored at -80°C. Aliquots of field salad were prepared in a similar 129 fashion (step iii and iv). 130 To promote the solubilization of dietary carotenoids and micelle formation during gastro- 131 intestinal digestion, we have chosen to add coffee creamer (10% fat) to the tested matrices, as 132 a natural source of triglycerides and phospholipids, which are essential for the formation of 133 mixed bile-lipid micelles. Similar dairy products have been used previously in our lab in order 134 to foster carotenoid bioaccessibility 24, 29, 30 . INEX coffee creamer (10% fat) was purchased at a 135 local supermarket (Delhaize). 136 137 138 To investigate the effect of divalent minerals (calcium, magnesium and zinc), we tested the 139 following concentrations: calcium 0, 250, 500 and 1000 mg/L; magnesium 0, 100, 200 and 300 140 mg/L; zinc 0, 12.5, 25, 50, 100 and 200 mg/L; and sodium 0, 375, 750 and 1500 mg/L, which 141 was used as a control monovalent cation. Concentrations were chosen based on the dietary 142 reference intakes (RDA (recommended dietary allowance), or AI (acceptable intake) when no 143 RDA was available) and tolerable upper intake levels (UL) 31 . To determine the concentration 144 of the mineral per volume of digesta, we assumed a total volume of 2 L of intestinal fluids 145 during gastrointestinal (GI) digestion. For the purposes of this study, we have defined as 146 physiological a range of cation concentrations up to the daily RDA/AI (dissolved in 2 L), and 147 as supplemental concentrations above the RDA/AI per 2L. Standard solutions of divalent minerals were prepared with a physiological saline solution. The in vitro gastro-intestinal 149 digestion protocol was adapted from 22 and is described below. 150 151 Gastric phase. The previously prepared frozen aliquots of the food matrices were thawed, and 152 4 g of matrix were weighed into 50 mL amber Falcon tubes. To improve carotenoid 153 bioaccessibility, 2 mL of coffee creamer (10% fat) were added to each test meal 24, 29 . To 154 simulate the gastric passage, varying volumes of physiological saline and of a standard solution 155 of the investigated mineral were added to equal final volumes of the test meal. The volumes of 156 the physiological saline and of the mineral solution were determined based on the desired 157 cation concentration at the intestinal phase. Test meal was acidified by adding 2 mL of pepsin 158 (40 mg/mL in HCl 0.01 M), and the pH was adjusted for each test meal at the beginning of the 159 gastric phase to a pH of 3. The tubes were sealed with Parafilm ® , and incubated during 1h at 160 37°C, in a shaking water bath (GFL 1083 from VEL ® , Leuven, Belgium) with reciprocating 161 motion at 100 strokes per minute. Extraction from food matrices. Aliquots of 4 g of food material were weighted into 50 mL 177 falcon tubes. Spinach and field salad were wetted with 5 mL of methanol, and 1 mL of 30% 178 aqueous KOH was added for saponification of chlorophylls. Samples were then vortexed, 179 sonicated at 37 kHz for 10 min in an ultrasonic bath (Elmasonic Ultrasonic Bath, Elma, 180 Mägenwil, Switzerland), and further incubated in the dark for 20 min (still with KOH) at room 181 temperature. Samples were then centrifuged for 5 min at 1300g at 4°C. The supernatant was 182 collected into a second 50 mL Falcon tube. The following extraction steps were similar for 183 both green leafy matrices and fruits juices. Matrices were extracted once with 9 mL 184 hexane:acetone (1:1), vortexed, sonicated for 5 min, and centrifuged (5 min, 1300g, 4°C). The 185 supernatants were collected into a second 50 mL Falcon tube, while for saponified samples the 186 supernatant was combined with the methanol phase. Extraction was repeated once with 9 mL 187 of hexane and a second time with 9 mL hexane plus 4 mL of saturated NaCl. Supernatants were 188 combined in the second tube. For the extraction of the fruit juice matrices, only half of the 189 above mentioned volumes were used. All matrices were extracted once more with 4 mL of 190 diethyl ether, vortexed, sonicated and centrifuged, and the supernatant was combined with the 191 previously collected organic phases. To promote phase separation from water residues, samples 192 were spun down at 1300g, for 1 min, at 4°C. When water was present, the organic phase was 193 transferred into a third tube, and the total volume was written down prior to collecting a 10 mL where σH2O = 71.99 dyn/cm is the surface tension of pure water (Pallas & Harrison, 1990) . 
Simulation of gastro-intestinal digestion and factors investigated
RESULTS
269
Carotenoid profile of the food matrices 270 In terms of total carotenoid content (µg/g wet weight of matrix), frozen spinach contained the 271 highest amount, followed by tomato juice, carrot juice, field salad, and finally, apricot nectar 272 (Table I ).
In the green leafy matrices (spinach and field salad), the xanthophylls (lutein, violaxanthin and 274 neoxanthin) were the major carotenoids, representing 94% and 88% of the determined total 275 carotenoid content, respectively, which is rather high compared to earlier studies 35 , due to the 276 rather low β-carotene content found in the samples. In the case of the carrot and tomato juices 277 and apricot nectar, carotenes (β-and α-carotene, and lycopene) were the major carotenoids, 278 with only a very small contribution from lutein. Also, all the three latter matrices were rich in 279 the colourless carotenoids phytoene and phytofluene, which were not detected in green leafy 280 varieties. The contribution of phytofluene and phytoene to the total quantified carotenoid 281 content was 34% in carrot juice, 46% in tomato juice and 83% in apricot nectar.
283
Bioaccessibility of total carotenoids across matrices 284 The bioaccessibility of total carotenoids was significantly different (p < 0.001) between most 285 matrices, except for apricot nectar and tomato juice. Bioaccessibility of total carotenoids was 286 higher from the juices than it was from the green leafy varieties ( Figure 1 ) and followed the 287 order: apricot nectar (21.4%) > tomato juice (20.1%) > carrot juice (17.1%) > field salad (9.7%) 288 > spinach (5.2%). 289 Another aspect we observed was the remarkable bioaccessibility of phytofluene and phytoene 290 of 18.5 -46.9% and 21.1 -47.6%, respectively ( Supplementary Table I while at 300 mg of magnesium, no more β-carotene was found in the micellar fraction (except 304 for spinach). Similarly, a higher concentration of calcium, i.e. 1000 mg/L, also reduced the 305 bioaccessibility of β-carotene up to 100% for all tested matrices. 306 Interestingly, the addition of sodium had an overall significant positive effect on the 307 bioaccessibility, especially in the case of β-carotene from the juices and apricot nectar, while 308 for the green leafy varieties the effect was less pronounced (field salad) or inexistent (spinach). 309 Regarding zinc, its presence significantly improved β-carotene bioaccessibility from field salad 310 and spinach for all concentrations tested, and in carrot juice for a concentration range between The average zeta-potential value of the micellar fraction of the spinach and carrot juice digesta, 372 under control conditions (i.e. no added mineral, C = 0 mg/L) was of -30.9 ± 2.4 mV and -30.6 ± 9.6 mV, respectively. Variations of the zeta potential of the micellar fractions, depended on 374 the type of mineral and concentration ( Figure 5 and 6) . While zinc and sodium did not cause 375 visible variations in the zeta-potential, a more obvious variation was seen for calcium and 376 magnesium. As the concentrations of the divalent minerals increased, the zeta-potential tended 377 towards zero (Fig 5 and Fig 6) , especially in the case of calcium and magnesium, suggesting of leafy vegetable matrices, macroviscosity was also adversely affected by the presence of 395 divalent minerals, but to a much lesser extent. 396 As for surface tension (Fig. 7e-h In the present study, we investigated the interaction of divalent minerals with carotenoids from 408 various food matrices during simulated gastro-intestinal digestion. Previously, we found that 409 the presence of calcium and magnesium, at varying concentrations, had the ability to 
